During geomagnetic storms, geomagnetically induced currents (GIC) and pipe-soil potential (PSP) generated in a pipeline present a risk to the safe operation of the pipeline. An important factor affecting the size and distribution of GIC and PSP is pipeline insulation leakage points. We obtain the relationship between the resistance of leakage points, their radius, and soil conductivity through modeling and derivation and verify the reliability of this equation by simulation using ANSYS software. Then a pipeline network model including leakage points is established. The influences of different radii and locations of leakage points on GIC and PSP distributions are discussed. The results suggest that medium and even small geomagnetic storms may aggravate corrosion of pipelines and affect their safe operation. This influence is related to the distribution of leakage points, the size of leakage points, and the structure of pipelines at the leakage points. The closer the leakage point is to the end of the pipeline, the greater the impact on the GIC distribution. The larger the radius of the pipeline leakage point, the greater the influence of the leakage point on the GIC distribution of the pipeline. The presence of branches at the leakage points can reduce the influence of leakage points on GIC and PSP distributions.
I. INTRODUCTION
The influence of geomagnetic storms on power grids, oil and gas pipelines, high-speed railways [1] - [6] , and other similar infrastructure is emerging as a new problem. Geomagnetically induced currents (GIC) are generated by geomagnetic disturbances. GIC flows in the pipeline and to /from the pipe, through the pipeline coating to ground, leading to changes in the pipe-soil potential (PSP) of the pipeline.
China's oil and gas pipeline systems with complex structures and large coverage have played a significant role in improving and optimizing the country's energy consumption structure. This means that any accidents leading to oil and gas pipeline leakage can have a serious impact on China's energy security. Stray currents, which can be either ac or dc, cause pipeline corrosion [7] ; GIC are dc-type stray currents, The associate editor coordinating the review of this manuscript and approving it for publication was Norbert Herencsar . and their range of frequency is 0.0001-0.01 Hz [8] . Cathodic protection technology can reduce or prevent metal corrosion [9] - [10] . PSP generated in pipelines during magnetic storms may lead to the failure of pipeline cathodic protection, accelerating the corrosion of pipelines and endangering the safe operation of pipelines [11] - [12] . Therefore, GIC and PSP, being important factors causing oil and gas pipeline corrosion, have been extensively studied by researchers.
Early research on the effects of geomagnetic storms on oil and gas pipelines has mainly focused on the establishment of pipeline models and GIC/PSP algorithms under the effect of geomagnetic disturbances. The distributed source transmission line theory was first used with pipelines for modelling AC induction [13] . Boteler and Cookson [14] applied this theory to the geomagnetic induction and proposed a calculation method for GIC in pipelines. Pulkkinen et al. [15] further improved and popularized this method. They extended earlier models to consider a pipeline network including branches.
In 2013, Boteler [16] introduced a new modelling method that simplified including branches in pipeline models. Hejda and Boch [3] calculated the PSP in pipelines using the plane wave method and uniform geodetic model, and the results were compared with the measured data to verify the feasibility of the method. At the same time, researchers have found that the structure of the pipeline has a significant impact on the distribution of GIC and PSP. Edwall and Boteler [17] recorded telluric current fluctuations in pipe-to-soil potentials at nineteen locations along the gas pipelines in southern Sweden, and changing the joint configuration significantly altered the position where the largest potentials occurred. Trichtchenko and Boteler [18] found that PSP varied with different structures and shapes of pipelines, which could have caused abrupt changes of GIC at the end of the pipeline. Boteler [19] presented a methodology for assessing how different pipeline features influence the vulnerability of the pipeline to telluric effects. Lianguang et al. [20] analyzed the influences of factors such as pipe length, conductivity of insulation coating, installation of grounding resistance, installation of insulation flange and pipe angle on GIC and PSP.
There have not been many studies on the influence of pipeline insulation leakage points. In general, to prevent the leakage phenomenon caused by stray currents or other factors after a steel pipe is installed underground, they are generally wrapped with an insulation coating [21] . However, the insulation coating may not be evenly applied during the production process, and there may be mechanical collisions during the transportation of pipelines. These problems may lead to the formation of insulation leakage points of different sizes and shapes on the insulation coating surface. These leakage points affect the electrical characteristics of the pipeline, thereby affecting GIC and PSP of the pipeline. Therefore, it becomes important to study the leakage points of pipelines.
The concept of coating damage rate commonly used in various industry standards equates randomly distributed pipeline leakage points to uniformly distributed ones. However, under the effect of geomagnetic storms, GIC generated in a pipeline will concentrate inside or outside the pipeline at the leakage point. In this case, we cannot use the damage rate to calculate the local current distribution at the leakage point. Therefore, modeling of the pipeline network with leakage points is of great significance.
In this paper, based on the results obtained by studying the effect of geomagnetic storms on pipelines, a pipeline network with leakage points is modeled by using the distributed source transmission line model of pipelines and the characteristics of leakage points in the insulation coating. Then this model is used to analyze the influence of pipeline leakage points on GIC and PSP distributions under the effect of geomagnetic storm disturbances. We believe the results presented in this paper will serve as a reference to solutions for reducing pipeline corrosion and increasing pipeline safety.
II. DISTRIBUTED SOURCE TRANSMISSION LINE MODEL OF PIPELINES
The monitoring data of GIC collected during geomagnetic storms in China in 2004 and 2005 have shown that the frequency range of GIC is 0.0001-0.01 Hz. Therefore, GIC can be seen as direct currents, which can affect oil and gas pipelines. The effect of inductive geoelectric fields on a pipeline can be explained using distributed source transmission line model as pipelines are insulated from the earth [22] . We divide a long pipeline into infinitely small sections and assume that the inductive geoelectric fields are equal in each section of the pipeline. Considering the low frequency of GIC, the equivalent circuit of each section of the pipeline is composed of an inductive power source Ex, series impedance Z , and shunt admittance Y as shown in Fig. 1 . (1) and (2) .
The voltage and current distributions of the pipeline can be obtained by taking the derivative of (1) and (2) and eliminating the first derivative, as shown in (3) and (4)
These equations have a general solution:
A and B in (5) and (6) are determined by the boundary conditions of the two ends of the pipeline. x 1 and x 2 in (5) and (6) indicate the starting point and ending point. The propagation constant is calculated as γ = √ ZY , and the characteristic impedance is calculated as Z 0 = Z Y . We define the starting point of the pipeline as node i and the ending point VOLUME 7, 2019 of the pipeline as node k. The length of the pipeline between node i and node k is L. The GIC and PSP of node i are I i and V i , and those of node k are I k and V k . Then, we calculate the distribution of current and voltage in the equivalent circuit model using (7) and (8) .
Various parameters of the π -type equivalent circuit can be calculated using Kirchhoff's voltage law and Kirchhoff's current law, shown in (9), (10), and (11) .
π -Type equivalent circuit of pipeline. Fig. 2 shows the model of the π -type equivalent circuit, which includes a current source. The nodal admittance network can be used to calculate the node voltage of the equivalent network [23] . If the electric parameters and the inductive geoelectric field of a pipeline where the number of the nodes is N are evenly distributed, we can use the length, electric parameters, and inductive geoelectric field of the pipeline (Y E , Y ' i /2, and I E ) to form the equivalent circuit between node i and node k.
III. PIPELINE LEAKAGE POINT MODEL
The insulation coating of pipes can be damaged by chemical corrosion, underground insects, collision during transportation, and installation. The metal part of the pipe comes into direct contact with the soil, forming a pipe-ground circuit, as shown in Fig. 3 .
We now derive a relationship between the radius of the leakage point and the equivalent resistance using theory and verify it through software simulation.
A. EQUIVALENT RESISTANCE MODEL OF LEAKAGE POINT
The part of the soil that penetrates the insulation coating is evenly filled with the exposed part of the coating and forms a homogeneous conductor. We do not need to consider the curvature between the soil and the pipeline surface because the pipe diameter is much greater than the leakage point diameter. The thicker the soil at the top of the pipe, the more pressure the soil exerts on the pipeline. The pipeline and soil have good contact, and the pipeline voltage is directly applied to the soil. In this paper, we temporarily ignore the effects of the size of the soil particles for the resistance of leakage point. Based on the above analysis, the soil penetrating the coating can be seen as a uniform cylindrical conductor, and its resistance can be calculated as follows.
In (12), L is the thickness of the coating, r is the equivalent radius of the leakage point, ρ d is the coating resistivity, S is the contact area between the leakage point and the soil, c is the pipe radius considering the insulation coating, and b is the radius ignoring the insulation coating.
Usually the resistivity of the insulation coating on the pipeline is very high. In this study, the conductivity of the insulation coating on the pipeline (10 −8 S/m) is far smaller than soil conductivity (0.02 S/m). The leakage current spreads from the flat face of the leakage point to the earth when the curvature of the leakage point is not considered. Therefore, the equivalent resistance of the leakage point with the symbol R is approximately equal to the series resistance of R 1 and R 2 . The resistance at the damaged insulation is R 1 , and the grounding resistance at the cross-section of the leakage point, which is flush with the ground, is R 2 . According to the work of Zhengxiang and Dayun [24] , R 2 can be calculated using (13) .
R and the equivalent conductance of the leakage point with the symbol G can then be calculated using (14) and (15) .
B. SIMULATION VERIFICATION WITH ANSYS
We used the Maxwell 3D module in ANSYS to establish the three-dimensional simulation model and the DC Conduction solver to solve the equivalent resistance of the model. Fig. 4 shows the model of the pipeline and leakage point. Table 1 lists the model parameters. . 5 shows the distribution of the leakage current density on the model surface as calculated by the DC Conduction solver. The current density J σ is integrated on the model surface using the fields calculator, and then we can obtain the value of leakage current I . Finally, the leakage current I and the applied voltage U are used to calculate the leakage resistance R l on the pipeline as shown in (16) and (17) .
We calculated the theoretical values and the simulation values of equivalent resistance with different radius values of the leakage point at the midpoint of the pipeline. The results are shown in Fig. 6 . Usually, when the range of the leakage radius is 10-30 mm and the deviation between the theoretical values and the simulation values is within 10%, the approximate calculation method is a feasible approach and can be used in practical applications.
The calculation model of the pipeline leakage point under the application of direct current can be obtained from the above analysis. The resistance value of the leakage point can be calculated when the leakage point parameters, pipeline parameters, and earth parameters are known.
IV. PIPELINE NETWORK MODEL
Compared with the pipeline model with no leakage point, the position that needs to be treated differently in the pipeline model with a leakage point is the grounding resistance at the leakage point. According to the equivalent resistance of the leakage point obtained as described in the previous section, the leakage point is equivalent to the parallel grounding resistance R f of the node where the leakage point is located. Thus, the pipeline equivalent circuit model with a leakage point is obtained, as shown in Fig. 7 . By using this model, GIC and PSP distributions on pipelines under the effect of geomagnetic storm disturbances can be calculated quickly.
Using pipeline and leakage point models, the nodal admittance matrix of a complex pipeline network can FIGURE 7. The pipeline equivalent circuit model with a leakage point. VOLUME 7, 2019 be constructed. i and k represent nodes. y ik is the mutual admittance between node i and node k. y i is the ground admittance of node i, including the ground admittance of π -type equivalent circuit connected to all branches of this node and all ground admittance directly added to node i. R i is the equivalent resistance of the leakage point at node i.
It is assumed that node i and node k are non-boundary nodes of the network, as shown in Fig. 7 . y ik is equal to y ki . Similarly, y i and y k represent the admittance from node i and node k to the earth.
The Y matrix is the nodal admittance matrix; the diagonal elements are the sum of the admittance of each branch connected to node i, and the off-diagonal elements are the negative of the admittance between node i and node k. Each element in the Y matrix can be calculated as shown in (18) and (19) . When there is no leakage point at node i, the parameter a in (18) is 0, and when there is a leakage point, a is 1.
The node voltage matrix V can be obtained by multiplying the inverse right of the nodal admittance matrix Y by the node current matrix J, as shown in (20) .
V. SIMULATION OF A GEOMAGNETIC STORM AFFECTING THE PIPELINE
In contrast with previous studies, which mainly focused on the influence of large geomagnetic storms, this paper focuses on the influence of small and medium geomagnetic storms [25] on different pipelines. Assume that the electric field is uniform along the pipeline and its magnitude is 0.01 V/km. This hypothesis can be used to calculate the GIC and PSP of pipelines affected by geomagnetic storms without actual geomagnetic data. Referring to the current pipeline parameters, the electrical resistivity of the steel tube of the pipeline is 1.8×10 −7 • m. The coating is of 3 PE type with an electrical conductivity of 10 −8 S/m. Using these parameters, we can calculate that the series impedance Z of the pipeline as 0.0049 /km and the parallel admittance Y as 0.0096 S/km. According to the above models, assumptions, and parameters, the calculation results of GIC and PSP under the influence of a leakage point are compared with those of PSP and GIC without a leakage point, as shown in Fig. 8 and Fig. 9 .
As can be seen from Fig. 8 , when the geoelectric field is 0.01 V/km, regardless of the position of the leakage point, it has little impact on the PSP distribution on the pipeline. Only when the leakage point appears at the end (0 km) of the pipeline, the leakage point will produce a change of around 0.8 V in the PSP distribution. In contrast, as can be seen from Fig. 9 , the leakage point has a relatively large impact on the GIC distribution. The closer the leakage point is to the end (0 km) of the pipeline, the greater the impact on the GIC distribution. The GIC difference between the left and right ends of the leakage point in the GIC distribution diagram is the leakage current passing through the leakage point.
Since the leakage point is small, the leakage point current can be regarded as uniformly distributed at the leakage point. Therefore, the leakage point model and pipeline model described previously can be used to obtain the current density at the leakage point with different radii at different positions, as shown in Fig. 10 .
It can be concluded from Fig. 10 that the closer the leakage point is to the end point of the pipeline, the higher the leakage current density. When the leakage point is located at the end point, the current density of the leakage point will be up to 3.5 A/m 2 under the effect of the geomagnetic storm. Panfeng [26] concluded that when the density of corrosion current exceeds 0.076 4 A/m 2 , it can be called the area where stray current corrosion is serious. Therefore, for buried metal pipes, the possibility of corrosion due to geomagnetic storms is a subject that needs to be examined further. At present, the total length of pipelines used for refined oil products across the world has exceeded 250,000 km, forming a long-distance, large-diameter, multi-branch pipeline network. Whether branches in the pipeline system will interfere with the influence of leakage point on GIC/PSP needs to be studied.
In this study, the leakage point in the insulation layer and the pipe branch were considered to be at the same position on the pipe, and a simulation analysis was carried out. We assume that the branch length of the pipeline is 200 km and it is oriented at 30 degrees with the main pipeline, as shown in Fig. 11 . 147478 VOLUME 7, 2019 We assume that the leakage point in the pipeline insulation layer and the pipeline branch are 50 km, 100 km, and 200 km away from the first end of the pipeline and substitute them into the model established in the previous sections to obtain the following simulation results, as shown in Fig. 12 and Fig. 13 .
The black curve represents the case where there is no leakage point at the pipe branch. The blue and red curves represent the case where there is leakage point at the pipe branch. The difference between the blue curve and the red curve is that the leakage point radius is different. As can be seen from Fig. 12 and Fig. 13 , the curves of the three colors coincide, which means that the impact of the leakage point at the branch on the GIC and PSP of the pipeline is almost negligible. This is because when the branch and the leakage point appear at the same position, the effect of leakage point due to equivalent resistance is much smaller than the influence of pipeline branch.
VI. CONCLUSION
We established a pipeline network model including insulation leakage points. The influences of different radii and locations of leakage points on the GIC and PSP distributions were examined. The main conclusions are as follows:
1) When the geoelectric field is 0.01 V/km, the leakage current density at the leakage point with a radius of 6 mm is as high as 3.5 A/m 2 , which is much higher than the standard value of 0.0764 A/m 2 . Therefore, medium and even small geomagnetic storms may aggravate the corrosion of pipelines and affect the safe operation of pipelines.
2) Apart from the environmental factors such as geomagnetic storm type, strength, longitude and latitude, and geotectonics, the effect of geomagnetic storm disturbances on pipelines is related to the distribution of leakage points, the size of leakage points, and the structure of pipelines at the leakage points. According to the analysis, the closer the leakage point is to the end (0 km) of the pipeline, the greater the impact on the GIC distribution. The larger the leakage radius of the pipeline, the greater the influence of the leakage point on the GIC distribution of the pipeline. Further, the presence of branches at the location of leakage points can reduce the influence of leakage points on the GIC distribution.
3) When the local electric field is 0.01 V/km, regardless of the location of the leakage point in the pipeline, it has little impact on the PSP on the pipeline. Like the influence of branches on the GIC distribution, the existence of branches at leakage points can also reduce the influence of leakage points on the PSP distribution.
